The post-lunch dip in cognition is a well-established phenomenon of decreased alertness, memory and vigilance after lunch consumption. Lunch composition reportedly influences the post-lunch dip. Moreover, dieting is associated with cognitive function impairments. The negative effects of dieting have been reversed with nut-supplemented diets. The aims of this study were to (1) evaluate the acute effect of an almond-enriched high-fat lunch or high-carbohydrate lunch on the post-lunch decline in cognitive function, and (2) evaluate the effects of chronic almond consumption as part of an energy-restricted diet on the memory and attention domains of cognitive function. In total, eightysix overweight and obese adults were randomised to consume either an almond-enriched diet (AED) or a nut-free control diet (NFD) over a 12-week weight loss intervention. Participants were also randomised to receive either an almond-enriched high-fat lunch (A-HFL) (>55 % energy from fat, almonds contributing 70-75 % energy) or a high-carbohydrate lunch (HCL) (>85 % energy from carbohydrates) at the beginning and end of the weight loss intervention. Memory and attention performance indices decreased after lunch consumption (P < 0·001). The A-HFL group ameliorated the decline in memory scores by 57·7 % compared with the HCL group (P = 0·004). Both lunch groups had similar declines in attention. Moreover, memory and attention performance indices increased after the 12-week intervention period (P < 0·05) with no difference between the AED and NFD groups. In conclusion, almond consumption at a midday meal can reduce the post-lunch dip in memory. However, long-term almond consumption may not further improve cognitive function outcomes in a weight loss intervention.
The post-lunch dip in cognitive performance is a well-established phenomenon of decreased cognitive function in the early afternoon hours typically after lunch consumption (1) . It is thought to begin approximately 1 h after the start of lunch consumption. During the post-lunch dip, memory and vigilance are the most severely affected domains, and decreased mood, alertness and anxiety are also reported (2, 3) . These symptoms may negatively affect cognitive performance and increase personal and societal risks (1, 4, 5) . Lunch composition is reported to play a role in the post-lunch dip with high-fat lunches leading to slower (6, 7) but more accurate (7) responses than low-fat lunches. Highcarbohydrate meals reportedly have a sedative effect promoting drowsiness in females and calmness in males (8) . There is heterogeneity to these responses in terms of age. For example, adults ≥40 years show impaired cognitive performance after a high-carbohydrate lunch, whereas adults <40 years do not (8) . However, in healthy young adults, tasks that demand greater cognitive function are more sensitive to nutrient manipulations (9) . The unique nutrient profile of almonds, which is lower in carbohydrate and high in unsaturated fats, may lessen this post-lunch dip in young and middle-aged adults. If almonds are able to ameliorate the post-lunch dip, they can enhance productivity (e.g. accuracy of written tasks) and safety (staying awake while driving or working with machines).
Nut consumption over the long term is also positively associated with cognitive performance (10) (11) (12) . The beneficial effects in the long term are likely due to the improvements in cardiovascular risk factors such as lipid profile, arterial compliance, glucoregulation, oxidative stress, blood pressure and inflammation, with subsequent improvements in endothelial function and cerebral vascular function (13) . However, there is very limited data from interventional trials in humans to establish causation.
The process of dieting to lose weight is associated with cognitive function impairments (14) as well that could be a result of food restriction, anxiety related to maintaining a weight loss regimen or preoccupying thoughts of hunger and desire to eat (15) and body esteem (16, 17) . Negative effects of dieting on cognitive performance have been reversed with nut-supplemented diets higher in fat and lower in carbohydrate (18) . Hence, learning and memory may also be enhanced with the inclusion of almonds during weight loss.
The purpose of this study was 2-fold. The first aim was to determine the post-lunch changes in cognitive function with almond consumption at lunch compared with a highcarbohydrate control lunch. We hypothesised that inclusion of almonds in a midday meal will ameliorate the post-lunch decline in memory and attention compared with a high carbohydrate control meal by lowering the percentage of dietary energy from carbohydrates and increasing the percentage of energy from fat. The second aim was to evaluate the effects of almond consumption as part of an energy-restricted diet on cognitive function compared with a nut-free diet (NFD) matched on energy restriction (control). We hypothesised that inclusion of almonds in an energy-restricted diet will improve the attention and memory domains of cognitive function compared with the control.
Methods

Participants
In total, eighty-six healthy overweight or obese adults (twentyone men and sixty-five women) participating in an almond weight loss clinical trial were recruited (19) . The eligibility criteria were as follows: age of 18-60 years, BMI of 25-40 kg/m 2 , no nut allergies, willingness to consume study foods and comply with the study protocol, no endocrine or metabolic disorders, non-smokers, and consistent diet and activity patterns. This study was conducted according to the guidelines codified in the Declaration of Helsinki and is registered on ClinicalTrials.gov (registration no. NCT02360787). All procedures involving human subjects were approved by the Purdue Institutional Review Board. Participants were recruited via public advertisements. Those meeting the eligibility criteria were contacted to schedule a screening visit. Participants provided written consent at the beginning of the screening session and were compensated for their time in the study.
Intervention
The study was a 12-week randomised, controlled, parallel-arm weight loss trial (19) . In brief, participants were randomised into one of two energy-restricted study arms: almond-enriched diet (AED) or NFD groups (Fig. 1) . Both groups received dietary counselling to reduce energy intake to achieve 2092 kJ/d (500 kcal/d) deficits to support weight loss. Weekly energy and nutrient analyses using 24-h food recalls were conducted to determine the participants' compliance to the dietary recommendations (19) . In total, forty-three participants were randomised into each of the AED and NFD groups. Participants in the AED group were asked to consume dry-roasted, lightly salted almonds providing 15 % of the energy in their individualised energy-restricted diet. Energy from almonds was accounted for during dietary modelling so that a 2092 kJ/d (500 kcal/d) deficit was achieved. Participants in the NFD group were asked to avoid all nuts and nut products during the intervention period. Cognitive function outcomes were assessed at the beginning (baseline) and end of the 12-week intervention.
Test meals for post-lunch dip assessment
Participants were randomised to either an almond-enriched high-fat lunch group (A-HFL) or a high-carbohydrate lunch group (HCL) at the beginning of the study (Fig. 1) . The lunch provided 23-25 % of the participants' estimated daily energy intake. Their individualised energy intake at lunch was determined from the What We Eat in America, National Health and Nutrition Examination Survey (NHANES) 2011-2012 survey that reports the percentage of energy intake at lunch according to sex and age (20) . Participants in the HCL meal were fed a combination of spaghetti in tomato sauce (SpaghettiOs), white bread, jelly and apple juice providing greater than 85 % energy from carbohydrate. Participants in the A-HFL meal were fed almonds with some SpaghettiOs and/or white bread, jelly and apple juice providing greater than 55 % energy from fat. The almonds provided 70-75 % energy in the A-HFL meal. An example of a sample lunch is provided in Table 1 . Participants were instructed to eat the entire test meal within 15 min. Cognitive function outcomes were assessed immediately after lunch and 30-35 min later. In addition, the post-lunch dip assessments were performed at baseline and at the end of the 12-week intervention. 
Cognitive function test protocol
The cognitive function test protocol is shown in Fig. 2 . Participants arrived at the laboratory in a fasting state for measurement of other variables pertaining to the almond weight loss study such as body weight, body fat, blood pressure, serum insulin and glucose, etc. (19) . Instead of assessing cognitive outcomes before lunch in the fasted state, we assessed cognitive performance immediately after lunch in lieu of the pre-lunch time point as there is some evidence that skipping breakfast is associated with negative cognitive consequences (21) . After measurement of the aforementioned variables, participants were provided with a midday meal according to their randomised lunch group (A-HFD or HCL). They were given 15 min to eat their meal after which they were taken into a quiet room for cognitive function testing. Testing included memory and attention domains of cognitive function. The tests for memory included the following: immediate memory, delayed memory and verbal list recognition (VLR) tests were adapted from the Repeated Battery for the Assessment of Neuropsychological Status tests (22) , whereas attention was assessed using the 'd2' test of attention (23) ,
respectively.
In the immediate memory test, participants were read a list of ten words immediately after lunch before the onset of the post-lunch dip. They were asked to remember and recall the words after 2 min. The number of correct responses was recorded. In the delayed memory test, participants were asked to recall the same ten words read to them and record them on a sheet of paper 34 min after lunch consumption. The number of correct responses was tallied.
In the attention test, participants were asked to cross out the letter d accompanied with two dashes (above the letter d, below the letter d or one dash above and one below the letter d) on a recording blank with fourteen lines of forty-seven letters comprised of either d or p with one, two, three or four dashes. They were given 4 min to do this task. The errors of omission (skipping target d's) and errors of commission (marking inappropriate targets) were recorded. This test was used to assess quantitative performance (the total number of items processed, TN), qualitative performance (the total number of items processed minus total errors, TNE) and concentration performance (the total number of correct items marked minus errors of commission, CP). The attention tests were conducted immediately and 30 min after lunch.
Finally, the VLR test was used to assess the participant's ability to recall the ten words read out to them immediately after lunch. The tester read out a list of twenty words and participants had to acknowledge verbally which words were present in the initial list. The correct responses were marked.
Distractor tests adapted from the 'd2 test' of attention were used to fill in the 30-min interval after lunch to ensure that participants did not fall asleep. Participants were asked to cross out different combinations of irrelevant letters with dashes over 28 min. These tests were not graded.
Statistical analysis
A linear mixed model analysis was performed on the correct responses obtained from the immediate and delayed memory tests, and the outcomes from the 'd2' test of attention (i.e. concentration performance, quantitative performance and qualitative performance. The intervention period (before v. after) and the lunch period (immediately after v. 35 min after) were used as within-subject factors and the intervention and lunch groups as between-subject factors. The correct responses from the VLR test were analysed using a linear mixed model with intervention period as the within-subject factor and the intervention groups as between-subject factors. An additional linear mixed model analysis on the change in outcomes as opposed to absolute values was also performed. Age, sex and BMI were also considered as between-subject factors for all the tests. When significant interactions were observed, pair-wise comparisons were carried out with Bonferroni correction.
Between-group differences were assessed at baseline using independent-samples t tests. Pearson's statistics were used to determine correlations. The α level was set at 0·05. SPSS (version 22, 2013; SPSS Inc.) was used for all the statistical analyses. OriginPro (version b9.3.226, 2016; OriginPro Corporation) was used to graph the data. Data are reported as means with their standard errors unless otherwise stated. The sample size calculations for this study were based on visceral fat, which was one of the primary outcomes for the almond * The study was not a crossover design, but this is exemplary of two meals for participants with similar energy intake levels. † Calculated from the 'What We Eat in America survey' (20) . weight loss study (19) . However, analysis of the current data revealed that the study could detect the following effect sizes for the cognitive function outcomes over the 12-week intervention with 80 % power (memory -0·9, CP -13·1, TN -25·9, TNE -30).
Results
Participants
The baseline characteristics of all participants are reported in Table 2 . Of the eighty-six participants who were enrolled in the study, seven withdrew during the intervention. Four participants withdrew due to non-compliance with the dietary protocol, one withdrew due to illness not related to the study, one female participant withdrew because of pregnancy and one withdrew due to lack of time to devote to the study. There were no significant differences in attrition between the AED and NFD intervention groups at 12 weeks.
Compliance to intervention
Total energy intake decreased (from baseline) in both AED (−976·17 (SEM 427·98) kJ) and NFD groups (−1222·9 (SEM 439·7) kJ) during the energy restriction period (P < 0·05) (19) . The
phytic acid (850·86 (SEM 64·13) v. 614·42 (SEM 65·89) mg) intake were greater, and the percentage of energy from carbohydrate (46·34 (SEM 1·65) v. 51·93 (SEM 1·70) %) was lower in the AED group compared with the NFD group at the end of the intervention (P < 0·05). These nutrient intake patterns reflect the nature of the dietary intervention (19) .
Cognitive function outcomes
Memory outcomes. Memory scores did not differ between the A-HFL and HCL meals immediately after lunch. However, memory scores decreased significantly 35 min after consumption of lunch in both groups (P < 0·001). The A-HFL meal ameliorated the decline in memory scores by 57·7 % compared with the HCL meal (P = 0·004) (Fig. 3) . In addition, there were no significant differences between the mean number of correct words recorded immediately after lunch (immediate memory score) and mean number of correct words recorded 35 min after lunch (delayed memory score) between the AED and NFD groups at baseline. Both memory scores increased significantly after the 12-week weight loss intervention period (P < 0·001), but the difference between the groups was not significant (Fig. 4) .
Verbal list recognition outcomes. There were no significant differences between the mean number of words correctly recognised verbally (VLR score) between the AED and NFD groups at baseline. Although the VLR score increased after the 12-week weight loss intervention in both groups (AED: 0·47 (SEM 0·25), NFD: 0·63 (SEM 0·25), number of words, P = 0·003), the difference between the groups was not significant.
Attention outcomes. The performance indices, that is concentration performance (CP), quantitative performance (TN) and qualitative performance (TNE), did not differ between the A-HFL and HCL meals immediately after lunch. However, while CP and TNE decreased significantly 35 min after consumption of lunch (P < 0·001) (Fig. 5) , TN decreased significantly 35 min after consumption of lunch only after the weight loss intervention (P = 0·001) (Fig. 5 ). There were no significant differences in the performance indices between the AED and NFD groups at baseline. Although the performance indices increased after the weight loss intervention (P < 0·001), the difference between the groups was not significantly different (Fig. 6 ). Participants aged 18-39 years had higher scores for all performance indices than participants aged 50-60 years regardless of intervention group and post-lunch dip group (P < 0·05, data not shown). Age was also moderately correlated with all performance indices regardless of group. The correlation coefficients between age and performance indices (CP, TN and TNE) ranged from −0·348 to −0·487 (P < 0·05).
There was no effect of sex, weight category (BMI) or amount of weight loss on memory, VLR or attention outcomes. In addition, there were no acute lunch-chronic intervention interaction effects for the cognitive function outcomes.
Discussion
The present study confirmed the presence of a post-lunch dip in cognitive function. Almond consumption at lunch ameliorated the post-lunch decline in memory but not attention performance. In addition, cognitive function improved over the 12-week weight loss intervention period. However, almond consumption for 12 weeks did not further improve cognitive function outcomes. as within-subject factors and lunch group and intervention group as betweensubject factors. * Significant differences for change in memory scores over lunch period (P < 0·001). ** Significantly different between the A-HFL and HCL groups (P = 0·004). as within-subject factors and lunch group and intervention group as betweensubject factors. * Significant differences for change in performance indices over the lunch period (P < 0·001). CP, concentration performance (total number of correct items marked minus errors of commission); TN, quantitative performance (total number of items processed); TNE, qualitative performance (total number of items processed minus total errors). , Before intervention; , after intervention.
An important finding of the study was the effect of lunch composition on cognitive function. Consumption of an almondenriched high-fat lunch reduced the decline in memory by 57·7 % compared with the high-carbohydrate lunch. Because of the paucity of studies in this area, the clinical significance and practical implications of this acute change are yet to be established. This acute effect of almond consumption on memory may be attributable to their high fat and fibre content and lower carbohydrate content. Almond consumption has previously been shown to have a moderating effect on postprandial blood glucose concentrations (24, 25) . Fat and fibre can lower postprandial glycaemia by delaying gastric emptying (26) and intestinal transit time (27) , respectively. Lower than normal blood glucose concentrations impair cognitive function (28) . Hyperglycaemia has also been associated with impaired performance but primarily among individuals with diabetes (29) . In one study where memory was assessed over a period of 4 h after breakfast consumption, a low glycaemic index breakfast improved memory performance more than a high glycaemic index breakfast indicating that the rate of glucose release into the circulation may be responsible for these effects (30) . Consumption of almonds with a meal can reduce the glycaemic impact of carbohydrate, thereby maintaining optimum blood glucose concentrations for memory tasks.
In our study, almond consumption at lunch did not ameliorate the post-lunch dip in attention. However, a systematic review indicates that there are differences in how cognitive function modalities respond to changes in macronutrient compositions in healthy adults with no cognitive impairments (9) . Hence, the attention domain of cognitive function and tasks employed to assess attention may not be as sensitive to macronutrient manipulation compared with the memory domain (9) . Dietary factors other than lunch composition can influence the post-lunch dip as well. Some researchers believe that the midday meal size (energy content of meal) may influence the decline in cognitive function after lunch. Larger lunches are associated with an increased number of errors in selective attention (31) and decreased cognitive performance in general (32) compared with smaller lunches. In the present study, the amount of food given to participants was based on 23-25 % of their estimated daily energy requirements. This is in line with customary intake levels in the population (20) , so was ecologically valid though perhaps not a test of the extent of the effect. Others argue that the post-lunch dip is more attributable to endogenous rhythms (33) or is a consequence of conditioned lunch effects (34) rather than being causally linked to lunch composition or size. For example, some studies have observed differences in cognitive function between late morning and early afternoon even in individuals that had not eaten lunch (2, 35) , but individuals who ate lunch had a greater postlunch dip in sustained attention compared with the lunch skippers (2) . Although we did not control the time at which lunch was provided to participants (10.30-12.30 hours) , there are limited data indicating that the post-lunch dip in attention and reaction to a new stimulus are not affected by the time at which lunch is eaten (2, 35) . Other explanations for the post-lunch dip have been proposed including insulin surges (36) increased cortisol (37) or serotonin concentrations (8) among others. This 12-week randomised weight loss trial improved memory and attention performance in overweight and obese energyrestricted adults. This is contrary to what has been observed in most (14) (15) (16) but not all (18) studies on dieting adults. The improvement in cognitive function could stem from the intervention itself with participants having undergone dietary counselling to make healthier choices and lose weight. The dieters in other studies (14) (15) (16) were not participating in structured weight loss interventions and may not have had access to dietary counselling. However, in spite of restricting the testing occasions to before and after the 12-week intervention, there is a possibility of practice effects (38) . There were no additional improvements in memory and attention with almond supplementation. Although a previous nut-based trial has demonstrated improvements in working memory and speed of processing in energy-restricted adults consuming nut-supplemented diets (18) , this study did not have a control group. Hence, a comparison of the magnitude of improvements in cognitive function between a nut supplemented and a NFD could not be made. Another interventional study conducted in young but non-dieting adults observed an 11 % increase in inferential verbal reasoning after consumption of 60 g walnuts/d for 8 weeks (39) but observed no changes in non-verbal reasoning and memory scores.
Interestingly, weight loss is positively associated with cognitive decline in older adults (40) . Although this is contrary to the improved effects on cognitive function with weight loss observed in the present study, we did not exclusively recruit older people and our intervention may not have been long enough to observe these changes. Although the present study showed no effects of BMI (at baseline) on cognitive function, a recently published as within-subject factors and intervention group and lunch group as betweensubject factors. * Significant differences for change in performance indices over the intervention period (P < 0·001). CP, concentration performance (total number of correct items marked minus errors of commission); TN, quantitative performance (total number of items processed); TNE, qualitative performance (total number of items processed minus total errors).
study observed a protective effect of obesity on cognitive function in people aged 45 years and older, particularly in women (41) . The lack of an effect noted here may be attributable to the absence of normal-weight individuals for comparison. We also did not find any BMI, age or sex interaction effects on cognitive function. However, we did find a negative association between age and attention performance on the 'd2' test regardless of diet or lunch groups. Cognitive decline with ageing is a common occurrence (42) . The strength of the study lies in the novelty of investigating the acute effects of almond consumption on the post-lunch dip in cognitive function and the long-term effects of almond consumption on cognitive function in a weight loss intervention. A limitation of the study was lack of a power analysis on cognitive function outcomes, which may have led to undetectable intervention effects. In addition, the generalisability of the findings are limited to healthy, young to middle aged, overweight and obese adults with no cognitive function impairments who are participating in a weight loss intervention.
In conclusion, consumption of an almond-enriched high-fat lunch acutely ameliorated the post-lunch dip in memory and almond consumption at midday may be an effective means to maintain memory following the midday meal. However, almond consumption over 12 weeks did not further enhance the improvements in cognitive function outcomes with weight loss. Nevertheless, the literature indicates that almond consumption enhances satiety (43) and reduces hunger and desire to eat (24) , properties that may minimise hunger-related thoughts that can acutely impair cognitive function in dieters (15) . Further research is needed to determine the replicability of the acute and long-term effects of almond consumption on cognitive function.
